■ Explain the physical basis for the T1-hyperintense signal produced by each substance.
■ Formulate a differential diagnosis for intracranial lesions with high signal intensity at T1-weighted imaging.
Introduction
T1 (spin-lattice) relaxation is the process of longitudinal magnetization recovery after application of a radiofrequency pulse, or excitation, to invert the magnetization vector (1, 2) . This process occurs as energy from the spinning nuclei is dissipated into the surrounding areas. T1 is the time required for spins to recover approximately 63% of their preexcitation magnetization. Substances that have intrinsically shorter T1 relaxation times demonstrate higher signal intensity at T1-weighted imaging. The specific effect of T1 weighting on the imaging appearance of a substance depends on the repetition time, echo time, proton density, and magnetic field strength (1, 2) . These parameters have interactive effects. Of note, gains in signal-tonoise ratio with increasing field strengths can be undermined by the resultant prolongation of T1 relaxation times (3, 4) .
Only a few naturally occurring substances are known to reduce T1 relaxation times, and the extent of that reduction depends on their occurrence in substantial concentrations. These substances include methemoglobin, melanin, lipid, protein, and minerals. However, in some cases, the high signal intensity seen in lesions has not been definitively linked to any of these substances. Nevertheless, familiarity with the effect of chemical composition on T1 signal intensity facilitates the differential diagnosis of lesions that have a high-signal-intensity appearance on T1-weighted images (Table 1) . These lesions can be further categorized on the basis of their location (Table 2 ). In addition, consideration of other imaging features and clinical variables can help narrow the differential diagnosis and in some cases enable a specific diagnosis.
The article reviews the fundamental physical properties of substances that produce T1 signal hyperintensity, providing a solid conceptual basis for formulating a comprehensive differential diagnosis of T1-hyperintense intracranial lesions. Common and uncommon entities that appear bright on T1-weighted magnetic resonance (MR) images are described in detail.
Methemoglobin-containing Lesions Physical Properties
The MR imaging appearance of intracranial hemorrhages and other lesions that contain blood products largely depends on the age of the blood. Both intracellular methemoglobin (early subacute phase hemorrhage, 3-7 days after onset) and extracellular methemoglobin (late subacute phase hemorrhage, from 8 days to 1 month after onset) produce T1 shortening effects on adjacent hydrogen nuclei in water and other molecules and therefore have intrinsically high signal intensity on T1-weighted images. The short T1 of methemoglobin is attributed to paramagnetic dipole-dipole interactions (5). Intracellular methemoglobin has a shorter T2 than extracellular methemoglobin, so a comparison of T1-weighted images with T2-weighted images can help distinguish between the two.
Amyloid Angiopathy
Cerebral amyloid angiopathy is a disorder of b-amyloid deposition in cortical, subcortical, and leptomeningeal vessels (6) . Although this condition is responsible for only about 2% of all intracranial hemorrhages, it is relatively common among the elderly (6) . According to the Boston criteria, a definitive diagnosis of amyloid angiopathy is based on a positive finding at autopsy (7) . However, MR imaging may provide evidence suggestive of the diagnosis. For example, petechial microhemorrhages or macrohemorrhages with irregular borders in a lobar distribution in cortical and subcortical regions are characteristic findings of amyloid angiopathy (Fig 1) . Intraparenchymal hemorrhages at various stages of evolution, as well as subarachnoid, subdural, and intraventricular hemorrhages, may be seen at imaging. 
Cavernous Malformations
Cavernous malformations (eg, cavernous angiomas) are congenital or acquired vascular anomalies that occur in approximately 0.5% of the general population (8) . Patients may present with seizures and neurologic deficits. Classic features seen at T2-weighted and T2*-weighted MR imaging include a lesion with a popcorn ball-like appearance and a low-signal-intensity rim due to hemosiderin deposition (Fig 2a) . Subacute hemorrhage and degraded blood products within the lesion produce a halo of signal hyperintensity around the lesion on T1-weighted images, a useful finding for differentiating cavernous malformations from hemorrhagic tumors and other intracranial hemorrhages (9) (Fig 2b) . In one study, associated developmental venous anomalies were found in 44% of patients with sporadic cavernous angiomas but in few patients with familial cavernous angiomas, a finding likely indicative of a difference in pathogenesis between the two lesion groups (10).
Cerebral Venous Thrombosis
Cerebral venous sinus thrombosis is an unusual condition that most commonly manifests with a headache (11) . A characteristic finding at unenhanced computed tomography (CT) is the presence of a hyperattenuating clot, although this feature is apparent in only about 20% of cases. Similarly, the "empty delta" sign, a filling defect at contrast-enhanced CT or CT venography, is present in less than 30% of cases (12) . The appearance of venous thrombosis at MR imaging varies, depending mainly on the age of the thrombus at presentation. A subacute thrombus often has high signal intensity on T1-weighted images ( Fig 3) ; the signal intensity on T2- weighted images is more variable but is also usually high. Gradient-recalled echo sequences are particularly sensitive to the susceptibility effects of paramagnetic blood breakdown products in venous thrombi, which produce blooming artifacts on images. MR venography is effective for depicting the extent of venous occlusion and collateral vessel formation.
Melanin-containing Lesions Physical Properties
Melanin-containing lesions demonstrate high signal intensity on T1-weighted images because of the paramagnetic effects of stable free radicals, such as semiquinones, and metal scavenging effects, in which melanin binds to chelated metal ions, forming metallomelanin (13) . Furthermore, the signal intensity of metallomelanin on T1-weighted images was found to increase with an increasing iron concentration (14) .
Metastatic Melanoma
Intracranial metastases occur in nearly 40% of patients with malignant melanoma (15) . In comparison with the signal in normal tissue, the signal in melanotic melanoma is characteristically hyperintense on T1-weighted images and hypointense on T2-weighted images (Fig 4) . High signal intensity also can result from hemorrhage within these lesions. Amelanotic metastatic melanoma tends to exhibit signal that is either isointense or hypointense to that in normal tissue on T1-weighted images (16) .
Primary Diffuse Meningeal Melanomatosis
Primary diffuse meningeal melanomatosis is a particularly aggressive form of primary intracranial melanoma. This condition is extremely rare, with an estimated incidence of only five cases per 100 million in the general population, and it occurs more commonly in adults than in children (17, 18) . Manifestations include seizures, intracranial hypertension, and cranial nerve deficits (18) . Although the leptomeninges are the primary site of involvement, the disease process may extend to the dura. The meninges of the spine are also commonly involved and should be examined at MR imaging. The lesions in primary diffuse meningeal melanomatosis display intermediate or high signal intensity on T1-weighted MR images (Fig 5) (17) . However, the full extent of disease is best appreciated at contrast-enhanced T1-weighted imaging, when the lesions may demonstrate avid enhancement. The widespread involvement seen in diffuse meningeal melanomatosis differs greatly from the typically localized manifestation of metastatic melanoma, but a careful search nevertheless must be made for an occult extracranial primary melanoma (18, 19) . Other differential considerations include hemorrhage, sarcoidosis, infectious meningitis, and meningeal carcinomatosis.
Neurocutaneous Melanosis
Neurocutaneous melanosis is an uncommon congenital condition characterized by multiple giant or hairy pigmented nevi and melanin-containing leptomeningeal lesions without evidence of extracranial melanoma (18, 20) . Patients may present with hydrocephalus, seizures, or intracranial hemorrhage. Melanoma arises from the leptomeningeal lesions in 40%-60% of cases of neurocutaneous melanosis (20) . The intracranial lesions have a predilection for the anterior temporal lobes (Fig 6) and cerebellum. In comparison with normal tissue, the lesions in neurocutaneous melanosis typically appear hyperintense on T1-weighted images and hypointense on T2-weighted images because of the characteristic effects of melanin. The lesions are difficult to discern at CT (18) . Findings of lesion enlargement, surrounding edema, mass effect, nodular enhancement, and central necrosis are suggestive of malignant degeneration (18) . 
Lipid-containing Lesions Physical Properties
The short T1 relaxation time of hydrogen nuclei within lipid molecules produces high signal intensity on T1-weighted MR images (21) . Frequencyselective fat suppression and short inversion time inversion-recovery sequences are routinely used at MR imaging to eliminate this high signal intensity. The difference in the precession frequencies of protons in lipid and protons in water also results in chemical shift artifact at fat-water interfaces, which is a useful property in diagnostic MR imaging. At 1.5 T, this shift results in a 224-Hz separation between the resonance frequencies of fat and water protons (22) . The resultant artifact appears as a dark or bright band aligned along the interface, in the direction of frequency encoding (22) .
Intracranial Lipomas
Intracranial lipomas are rare congenital malformations that arise from abnormal differentiation of the persistent primitive meninx (23, 24) . Intracranial lipomas most commonly occur in the pericallosal region (25) . Two morphologic types of pericallosal lipomas have been described: tubulonodular and curvilinear (Fig 7) . Although benign and often asymptomatic, pericallosal lipomas, particularly those of the more anteriorly located tubulonodular type, are frequently associated with dysgenesis or agenesis of the corpus callosum (24) . Intracranial lipomas also have a predilection for the quadrigeminal plate, quadrigeminal cistern, sylvian fissure, and dorsal perimesencephalic region. Of note, lipomas in the sylvian fissure are strongly associated with seizure activity (25) . The lesions are readily identifiable at imaging, with fat attenuation at CT and signal intensity characteristics of adipose tissue at MR imaging, including fatsuppressed imaging (25) . Vessels and nerves also may be seen to traverse the lesions.
Teratomas
Intracranial teratomas are true neoplasms that usually contain tissue derived from all three germ cell layers, but they also can arise from a single germ cell layer if cellular differentiation is disturbed (26) . Most intracranial teratomas are benign, although mature, immature, and malignant variants exist. Overall, teratomas are the most common congenital intracranial tumor and are usually diagnosed prenatally (27) . Intracranial teratomas are most frequently found in the cerebral hemispheres and pineal gland. At MR imaging, they typically manifest as multiloculated cystic lesions that contain calcifications and fat, which are responsible for their high-signal-intensity appearance on T1-weighted images (Fig 8) .
Dermoid Cysts
Dermoid cysts are rare, benign, congenital ectodermal inclusion cysts that account for approximately 0.3% of all intracranial tumors (28, 29) . Intracranial dermoid cysts most commonly occur at the midline in the sellar and parasellar compartments, fourth ventricle, and vermis (29) . The lesions are usually well-defined, nonenhancing masses with fat attenuation at CT. At MR imaging, dermoid cysts typically show high signal intensity on T1-weighted images, variable signal intensity on T2-weighted images, and lack of enhancement on contrast-enhanced images (29) . Dermoid cyst rupture is a rare complication that can cause severe chemical meningitis and sensory or motor hemisyndrome (28, 30) . This complication manifests at T1-weighted MR imaging as scattered high-signal-intensity foci within the ventricles or subarachnoid spaces (Fig 9) . MR spectroscopy discloses mobile lipid peaks at 0.9 and 1.3 ppm (28). 
Lipomatous Ependymomas
Ependymoma with lipomatous differentiation is a rare variant of ependymoma in which tumor cells contain lipid droplets (31, 32) . Many lipomatous ependymomas show hyperintense signal on T1-weighted images (Fig 10) . Apart from this characteristic, they display the usual features of other types of ependymomas, including calcification, hemorrhage, and cystic components. Lipomatous ependymomas tend to occur in the pediatric population and are slow growing (32) . However, the prognostic significance of lipomatous differentiation is uncertain.
Protein-containing Lesions
High signal intensity in certain lesions on T1-weighted images can be attributed to their protein content and the hydration layer effect. Cross-relaxation between the proteins and bound water affects the relaxation rate of free water (33) . In addition, macromolecular docking decreases T1 by slowing the mean motional state of the proteins (33). Ultimately, both T1 and T2 relaxation times are dependent on the amount of free water, protein content, and viscosity within these lesions (34) .
Colloid Cyst
Colloid cysts are uncommon benign intracranial lesions containing a gelatinous material that reacts positively at periodic acid-Schiff staining (35) . These lesions characteristically occur at the anterosuperior aspect of the third ventricle and may obstruct the adjacent foramen of Monro. A headache is the most common clinical manifestation in symptomatic patients. Other symptoms may include atonic seizures, nausea, vomiting, diplopia, transient loss of consciousness, and (rarely) sudden death (33) . At CT, most of these lesions show hyperattenuation (29) . Rimlike enhancement can occur, but calcifications are rare. About two-thirds of colloid cysts show high signal intensity at T1-weighted MR imaging, and most exhibit low signal intensity at T2-weighted imaging (Fig 11) (29,35) . Colloid cysts that show low signal intensity at T1-weighted imaging and high signal intensity at T2-weighted imaging have a tendency to enlarge rapidly (29) .
Rathke Cleft Cyst
Rathke cleft cysts are common benign remnants of the Rathke cleft that may be located in the sellar compartment, the suprasellar compartment, or both (33, 36) . Although most such cysts are found incidentally, they occasionally cause headaches, visual disturbances, and diabetes insipidus. About half of Rathke cleft cysts show hyperintense signal at T1-weighted imaging (Fig 12) . The lesions also frequently appear hyperintense at T2-weighted imaging. Small intracystic nodules with high signal intensity at T1-weighted imaging and low signal intensity at T2-weighted imaging are present in approximately 45% of cases (Fig 12) and are considered a characteristic feature of Rathke cleft cysts (37) . Peripheral enhancement is sometimes noted at MR imaging and probably represents underlying metaplasia, inflammation, or deposition of hemosiderin or cholesterol in the cyst wall; however, internal enhancement is never seen (38) . A correlation has been found between the presence of peripheral enhancement and an increased risk of recurrence after surgical resection (38) . 
Ectopic Posterior Pituitary Gland
Posterior pituitary ectopia is a rare congenital malformation of the hypothalamus that is associated with hypoplasia or absence of the pituitary stalk and resultant dwarfism due to growth hormone deficiency (39) . This condition may be associated with septo-optic dysplasia and periventricular heterotopias. The ectopic posterior pituitary lobe is most commonly located along the median eminence in the floor of the third ventricle (Fig 13) . An ectopic posterior pituitary gland also might result from traumatic or surgical transection of the pituitary stalk (40, 41) . Signal hyperintensity in the posterior aspect of the pituitary gland on T1-weighted images is related to the paramagnetic effect of the vasopressin-neurophysin II-copeptin complex (39, 42, 43) .
Mineral-containing Lesions Calcium and Other Minerals
Calcium is a diamagnetic substance that may appear bright at T1-weighted imaging in specific circumstances. In brain tissue, signal hyperintensity increases in the presence of calcium concentrations of 30% or less by weight (20) . At higher concentrations, the intensity of the signal in calcium at T1-weighted imaging diminishes. Furthermore, T1 relaxivity increases with an increase in the surface area of calcifications (20) . Other minerals that may have T1 shortening effects include manganese, copper, and iron. 
Cockayne Syndrome
Cockayne syndrome is an autosomal recessive defect in DNA repair that is characterized clinically by premature aging, encephalopathy, microcephaly, deafness, and photosensitivity (44) . Typical imaging findings include cerebral atrophy, white matter hypomyelination, and extensive calcifications within but not limited to the bilateral lentiform and dentate nuclei. These calcifications may exhibit high signal intensity at T1-weighted imaging and low signal intensity at T2-weighted imaging (Fig 14) . MR spectra show the presence of lactate and decreased levels of choline and N-acetylaspartate in the brains of patients with Cockayne syndrome (44) .
Neurodegeneration with Brain Iron Accumulation
Neurodegeneration with iron accumulation in the brain occurs in various disorders, including aceruloplasminemia (caused by ceruloplasmin gene mutation), pantothenate kinase-associated neurodegeneration (due to a mutation in the pantothenate kinase 2 [PKAN2] gene), and phospholipase A2 (PLA2G6) gene mutation (45) . PKAN2 mutations, which are responsible for most cases of neurodegeneration with brain iron accumulation, result in the accumulation of iron within the globus pallidus and substantia nigra (46, 47) . This condition manifests clinically as progressive extrapyramidal and pyramidal dysfunction. At T1-weighted MR imaging, the bilateral globus pallidus may sometimes appear hyperintense (Fig 15a) . However, at T2-weighted MR imaging, bilateral symmetric foci of signal hyperintensity in the globus pallidus are surrounded by a low-signal-intensity border, producing a characteristic "eye-of-the-tiger" appearance (Fig 15b) (46, 47) .
Hepatic Encephalopathy
Hepatic encephalopathy may lead to mental status changes and motor dysfunction in patients with underlying liver disease (48) . At MR imaging, hepatic encephalopathy characteristically manifests as bilateral regions of signal hyperintensity in the lentiform nucleus and substantia nigra on T1-weighted images (Fig 16) . These regions of abnormally high signal intensity at T1-weighted imaging are related to the accumulation of manganese in patients with hepatic encephalopathy and may be encountered also in welders and recipients of hyperalimentation therapy.
Other findings related to liver disease with or without hepatic encephalopathy include diffuse hemispheric signal hyperintensity in white matter along the corticospinal tract on T2-weighted images, focal areas of signal hyperintensity in subcortical white matter on T2-weighted images, and elevated glutamine and glutamate levels at MR spectroscopy that are probably related to ammonia toxicity (48) . The brain abnormalities seen at MR imaging and MR spectroscopy in patients with hepatic encephalopathy are potentially reversible with liver transplantation (49, 50) .
Wilson Disease
Wilson disease is a rare autosomal recessive condition caused by mutations in the ATP7B gene with resultant abnormal copper metabolism and accumulation (51) . Patients may present with dysarthria, dystonia, tremor, choreoathetosis, liver failure, and classic Kayser-Fleischer rings at ophthalmologic examination. At MR imaging, cerebral atrophy and signal abnormalities are usually seen in the basal ganglia, cerebral white matter, midbrain, pons, and cerebellum. Signal hyperintensity at T1-weighted imaging in patients with Wilson disease is most commonly found in the bilateral basal ganglia and ventrolateral thalami (Fig 17) . The precise distribution of the signal abnormality correlates with clinical symptoms. Involvement of the striatum at MR imaging manifests with pseudoparkinsonian signs, dentatothalamic tract involvement manifests with cerebellar signs, pontocerebellar tract involvement correlates with pseudoparkinsonian signs, and globus pallidus involvment is associated with portosystemic shunting secondary to cirrhosis (52) . Regression of the signal abnormality at T1-weighted MR imaging correlates with response to treatment (53) . T2-weighted sequences are also helpful, particularly with findings of signal hyperintensity in the midbrain combined with sparing of the superior colliculus, red nucleus, and portions of the substantia nigra; this combination of findings produces the "face of the giant panda" appearance on axial T2-weighted MR images (54).
Other Lesions Type 1 Neurofibromatosis
Type 1 neurofibromatosis is an autosomal dominant disorder of the neurofibromin gene on chromosome 17 (55) . With a worldwide incidence of approximately one case in 2500 to 3000 in the general population, type 1 neurofibromatosis is the most common neurocutaneous syndrome (55) . This syndrome has a wide variety of intracranial manifestations, including hypothalamic-optic nerve and brainstem pilocytic astrocytomas; neurofibromas; neurofibrosarcomas; plexiform neurofibromas; hydrocephalus; arachnoid cysts; cerebrovascular occlusions; nontumorous highsignal-intensity foci or unidentified bright objects that occur predominantly in the basal ganglia and posterior fossa on T2-weighted images; and highsignal-intensity lesions, distinct from unidentified bright objects, that most commonly appear in the basal ganglia on T1-weighted images (56) (57) (58) . These T1-hyperintense basal ganglia lesions occur in approximately 20% of patients with type 1 neurofibromatosis (57, 58) and predominantly involve the globus pallidus and internal capsules bilaterally and symmetrically (Fig 18) . Extension of the highsignal-intensity region across the anterior commissure produces a dumbbell-like appearance (58) . The etiology of these lesions is unclear, but they may be related to Schwann cell heterotopia, melanin, remyelination, microcalcifications, or a combination of these (57) (58) (59) . The basal ganglia lesions in type 1 neurofibromatosis do not exhibit mass effect, surrounding edema, or enhancement.
Cholesterol Granuloma
Cholesterol granulomas are benign masses composed of proteinaceous debris and cholesterol crystals from blood breakdown secondary to obstruction and consequent chronic inflammatory foreign-body reaction (60, 61) . These lesions most commonly occur within the petrous apex but occasionally arise in the mastoid segment, middle ear, and orbitofrontal region (61, 62) . If sufficiently enlarged, cholesterol granulomas can cause bone dehiscence with resultant intracranial extension (61) . Patients most commonly present with headache and hearing loss (63) . Typically, cholesterol granulomas appear as smooth, well-defined, homogeneous masses that display high signal intensity at T1-weighted imaging (Fig 19) . The high T1 signal of these lesions is unaffected by fat suppression techniques (62) . Cholesterol granulomas are also often hyperintense at T2-weighted imaging and may display a hypointense rim secondary to hemosiderin deposition (61) . Treatment of symptomatic lesions consists of surgical excision, drainage, or stenting (60) . After successful drainage, cholesterol granulomas lose their T1 signal hyperintensity, whereas recurrent lesions tend to remain hyperintense (64) . 
Craniopharyngioma
Craniopharyngiomas are benign neoplasms derived from epithelial rests in the Rathke pouch (65) . The main histopathologic subtypes are papillary, adamantinomatous, and mixed craniopharyngiomas. Papillary craniopharyngiomas tend to be solid and occur in adults, whereas the adamantinomatous variety tends to be cystic and occurs in children. Although most craniopharyngiomas are located in the suprasellar region, about half demonstrate an intrasellar component as well (66) . An estimated 90% of craniopharyngiomas contain calcifications that are visible at CT and cystic components that sometimes show signal hyperintensity on T1-weighted images (Fig 20) (67). The T1 hyperintensity observed in the cystic components of craniopharyngiomas is attributable to the presence of protein, cholesterol granules, and methemoglobin (35) . The cystic portions of craniopharyngiomas also frequently display T2 hyperintensity and rimlike enhancement on contrastenhanced T1-weighted images (68) .
Cortical Laminar Necrosis
Cortical laminar necrosis is a sequela of a global hypoxic ischemic event or, less commonly, an effect of immunosuppressive therapy or chemotherapy (69) . The third layer of the cortex is particularly susceptible to depletion of oxygen and glucose (70) . At MR imaging, a characteristic series of changes are seen in sequence: High-signalintensity cortical lesions appear on T1-weighted images about 2 weeks after the inciting event and become increasingly conspicuous at 1-2 months after the event, along with maximum contrast enhancement (Fig 21) (71) . T1 signal hyperintensity usually fades after 2 years, whereas parenchymal atrophy progresses. The high-signal-intensity features seen on T1-weighted images may be related to mineralization, protein denaturation, or lipid (72) . However, methemoglobin does not appear to contribute to this signal hyperintensity (73) .
Conclusions
Diverse categories of intracranial lesions appear bright at T1-weighted MR imaging. Familiarity with the types of substances and physical properties that contribute to T1 shortening is helpful for formulating an appropriate differential diagnosis and a systematic approach to the interpretation of high-signal-intensity lesions seen on T1-weighted images. Many disease entities have characteristic clinical and imaging features that allow definitive diagnosis.
